Abstract. While the number of sequenced diploid genomes of interest have been steadily increasing in the last few years, assembly of highly polymorphic (HP) diploid genomes remains challenging. As a result, there is shortage of tools for assembling HP genomes from NGS data. The initial approaches to assembling HP genomes were proposed in the pre-NGS era and are not well suited for NGS projects. We present the first de Bruijn graph assembler dipSPAdes for HP genomes and demonstrate that it significantly improves on the state-of-the-art in the HP genome assembly.
Introduction
Assembly of highly polymorphic (HP) diploid genomes is a complex computational problem. When two haplomes are very similar, e.g., as human haplomes that differ from each other by only ≈ 0.1% of nucleotides, both haplomes are usually assembled as a single reference genome (with further analysis of SNPs). Assembling found SNPs into human haplomes is a difficult but well studied problem (Aguiar and Istrail, 2012 [1] , Xie et al., 2008 [18] , He et al., 2010 [11], Zhao et al., 2005 , Bansal et al., 2008 [4] ).
This paper addresses an even more challenging problem of assembling haplomes that differ from each other by 0.4-10% (e.g., like in HP sea squirt genomes). The standard assembly approaches fail to reconstruct individual haplomes in HP genomes; moreover, it is not clear whether the algorithms proposed for human haplome assembly can contribute to assembling HP genomes.
Assembly of a diploid genome can result in two types of contigs: haplocontigs (contigs representing both haplomes) and consensus contigs (representing a consensus of both haplomes for the orthologous regions) (Fig. 1) . Consensus contigs do not adequately represent haplomes but are rather a mosaic of segments from both haplomes. Thus, in each polymorphic site of a diploid genome, the alleles present in a consensus contig are somewhat randomly chosen from one of haplomes. In practice, since some regions of HP genome are less polymorphic than others, conventional assemblers generate a mixture of haplocontigs and consensus contigs while assembling HP genomes. We also define double contigs, a pair of haplocontigs representing both haplomes for the same genomic regions (Fig. 1) .
Two approaches were proposed for assembling HP genomes (referred to as HP assemblies below). The first approach for HP assembles (applied to fish F. rubripes) was proposed in the pre-NGS era and was based on generating consensus contigs by intentionally ignoring differences between haplomes. To achieve this goal, Aparicio et al., 2002 [2] constructed the overlap graph of Sanger reads while allowing large differences in overlaps between reads. A similar approach was applied to genome assembly of the sea squirt S. intestinalis (Dehal et al., 2002 [8] ). The resulting assembly was further used as a reference to align reads and restore both haplomes. This approach, while feasible with Sanger reads, is not very practical in the case of NGS reads that are more amenable to the de Bruijn graph approaches.
The second approach (Huang et al., 2012 [12] , Vinson et al., 2005 [17] ) is to generate haplocontigs using a conventional assembly algorithm and to further reconstruct allelic relationships between haplotypes based on pairwise contig alignments. In reality, such approaches generate a mixture of haplocontigs and consensus contigs since the degree of polymorphism varies along the HP genomes. As the result, assemblies generated by this approach tend to be fragmented since they represent a mosaic of consensus and haplocontigs. Recently, Donmez and Brudno, 2011 [9] proposed advanced methods of generating haplocontigs based on the overlap graph approach.
We present dipSPAdes, a new algorithm for assembling HP genomes. dipSPAdes uses the de Bruijn graph constructed by SPAdes assembler [3] to generate both consensus and haplocontigs. Instead of analyzing contigs or long read alignments (as in the previous approaches), we use the de Bruijn graph to mask polymorphism in contigs and to produce a more comprehensive representation of the genome by both consensus contigs and haplocontigs. The question how accurate are these assemblies constructed in the pre-NGS era remains open since there is no gold standard for checking the validity of HP assemblies. Such benchmarking of HP assemblies is an important goal of this paper.
To provide the first comprehensive benchamarking of HP assemblies, we took advantage of a unique dataset generated in the course of a recent massive effort to sequence 37 genomes of S. commune conducted in Dr. Alexey Kondrashov laboratory at Moscow State University (see below for description of all datasets that were analyzed in this paper).
S. commune is a model organism (wood-degrading mushroom) whose genome is ideally suited for benchmarking HP genome assemblers. The unique feature of the widely distributed haploid S. commune is that two different organisms differ by 7 − 12% even if collected on the same continent (and up to 25% on different continents). Thus, combining reads from two S. commune genomes perfectly
